Introduction
Apoptosis plays an essential role in animal development, homeostasis and the pathogenesis of multiple diseases including cancer, infectious and neurodegenerative disorders (reviewed by Steller, 1995; Thompson, 1995; Nagata, 1996; Kroemer et al., 1997; Salvesen and Dixit, 1997) . While numerous candidate genes playing important roles in the signaling of apoptosis have been identified, the mechanisms by and order in which they interact to 2596 © Oxford University Press transduce signals are poorly understood. Several lines of evidence have recently suggested that members of the mitogen-activated protein (MAP) kinase family are involved in apoptotic signaling, as well as in growth and differentiation control (reviewed by Errede and Levin, 1993; Nishida and Gotoh, 1993; Davis, 1994; Marshall, 1994; Waskiewicz and Cooper, 1995; Fanger et al., 1997) . Two different MAP kinase cascades that converge to c-Jun N-terminal kinase (JNK; also known as SAPK, stressactivated protein kinase) and p38 MAP kinase are preferentially activated in response to various cytotoxic stresses, including tumor necrosis factor (TNF)-α, hydrogen peroxide (H 2 O 2 ), UV light, X-rays, heat shock and growth factor-or serum-withdrawal Xia et al., 1995; Kyriakis and Avruch, 1996; Verheij et al., 1996) . Apoptosis signal-regulating kinase (ASK) 1 is a recently identified MAP kinase kinase kinase (MAPKKK) that activates SEK1-JNK and MKK3/MKK6-p38 signaling cascades . Overexpression of ASK1 in epithelial cells in low serum conditions induced cell death with apoptotic features and ASK1-K709R, a kinaseinactive mutant of ASK1, reduced TNF-α-induced apoptosis, suggesting that ASK1 is a pivotal component in the mechanism of cytokine-and stress-induced apoptosis Tobiume et al., 1997) . However, the molecular mechanism of regulation of ASK1 activity is unknown.
Reactive oxygen species (ROS) are thought to participate in a wide variety of cellular functions, including cell proliferation, differentiation and apoptosis (reviewed by Buttke and Sandstrom, 1994; Camhi et al., 1995; Jacobson, 1996) . ROS have been shown to act as essential intracellular second messengers for certain cytokines and growth factors (Meier et al., 1989; Bulkley, 1994; Levine et al., 1994; Ohba et al., 1994; Lo and Cruz, 1995; Irani et al., 1997) . On the other hand, several observations have suggested that ROS might mediate apoptosis: (i) various cytotoxic stresses are sometimes accompanied by increases in intracellular ROS levels (Yamauchi et al., 1989; Jacobson, 1996) ; (ii) addition of ROS or depletion of cellular antioxidants induces apoptosis (Buttke and Sandstrom, 1994) ; (iii) many antioxidants and free-radical scavengers including N-acetyl-L-cysteine (Nac) have been shown to inhibit or delay certain types of cell death induced, for example, by TNF-α, anticancer drugs, irradiation or survival factor withdrawal (Mayer and Noble, 1994; Cossarizza et al., 1995) ; and (iv) anaerobic culture conditions inhibit TNF-α-induced cell death (Matthews et al., 1987) . Although the importance of ROS in the execution of apoptosis is controversial, ROS are likely to be involved in the signal transduction mechanism for apoptosis as signaling intermediates (Jacobson, 1996) . However, the specific molecular targets of ROS in apoptosis signaling are largely unknown.
Thioredoxin (Trx) is a 12 kDa protein ubiquitously expressed in all living cells, which has a variety of biological functions related to cell proliferation and apoptosis (reviewed by Holmgren, 1985 Holmgren, , 1995 Eklund et al., 1991; Nakamura et al., 1997) . It is characterized by the reduction/oxidation (redox) active site sequence Trp-Cys-Gly-Pro-Cys-Lys, which is conserved through evolution. The two cysteine residues within the redox active center provide the sulfhydryl groups involved in Trx-dependent reducing activity. The oxidized form (Trx-S 2 ) contains a disulfide bridge in the active site that is reduced to a dithiol by NADPH and the flavoprotein Trx reductase. Thus, the Trx system is composed of Trx, Trx reductase and NADPH in vivo (Buchanan et al., 1994; Holmgren, 1995) . The reduced form [Trx-(SH) 2 ] acts as a potent protein disulfide oxido-reductase. Human Trx is identical to adult T cell leukemia-derived factor (ADF), which was originally characterized as a growth factor secreted by human T lymphotropic virus-I-transformed leukemic cell lines (Tagaya et al., 1989) . Trx has been found to modulate the DNA-binding activity of certain transcription factors including NF-κB, glucocorticoid receptor, and to indirectly modulate AP-1 activity through Ref-1 (Tagaya et al., 1989; Hayashi et al., 1993; Makino et al., 1996; Hirota et al., 1997) . Trx has also been found to act as a powerful antioxidant by reducing ROS, and protects against hydrogen peroxide (H 2 O 2 )-, TNF-α-and cis-diamminedichloroplatinum (II) (CDDP)-induced cytotoxicity (Matsuda et al., 1991; Nakamura et al., 1994; Sasada et al., 1996) , in which the generation of intracellular ROS is thought to participate. On the other hand, Trx can be oxidized by various ROS molecules including H 2 O 2 , suggesting that Trx may be a molecular target of ROS.
Here we report that Trx is a physiological inhibitor of ASK1. We found that Trx bound directly to the N-terminal part of ASK1 and inhibited ASK1 kinase activity as well as ASK1-dependent apoptosis. The interaction between Trx and ASK1 was found to depend on the redox status of Trx, in that this interaction was observed only under reducing conditions, and the redox-inactive mutant form of Trx did not bind to ASK1. Moreover, inhibition of Trx activity by antisense oligonucleotides or by Trx reductase inhibitor resulted in activation of endogenous ASK1 activity. This evidence that Trx is a negative regulator of ASK1 suggests a possible mechanism for the redoxdependent apoptosis signal transduction pathway, which is presumably initiated by ROS-induced oxidation of Trx, followed by the dissociation of Trx from ASK1 and activation of ASK1.
Results and discussion

Two-hybrid screen for ASK1-interacting proteins
We employed the yeast two-hybrid system to search for proteins that bind to ASK1, using LexA DNA-binding domain ASK1-K709R (kinase-inactive mutant form of ASK1) as bait. In a screen of 1ϫ10 6 human brain library clones, more than 500 clones specifically interacted with ASK1. DNA sequencing of the interacting clones revealed that a majority (Ͼ80%) of them encoded Trx fused inframe to the transcriptional activation domain in the prey plasmid. The association of Trx with ASK1 was specific for but not dependent on the catalytic activity of ASK1, i.e. Trx interacted with ASK1-K709R as well as wildtype ASK1 (ASK1-WT) in yeast ( Figure 1A and B). Trx interacted with an N-terminal non-catalytic fragment of ASK1 (ASK1-NT) but not with the N-terminus-deleted mutant (ASK1-ΔN) ( Figure 1A and B). To verify that Trx associates with the N-terminal region of ASK1 in mammalian cells, we transiently cotransfected human 293 embryonal kidney cells with expression plasmids of Flag epitope-tagged Trx (Flag-Trx) and hemagglutinin (HA) epitope-tagged mutant forms of ASK1, and immunoprecipitated them with an anti-Flag monoclonal antibody. The immune complexes were subjected to immunoblotting with a monoclonal antibody to HA. ASK1-WT, C-terminus-truncated ASK1 (ASK1-ΔC) and ASK1-NT, but not ASK1-ΔN, co-immunoprecipitated with Trx, consistent with the finding for interaction in yeast ( Figure 1C , top panel). Control immunoprecipitation and immunoblotting from the same lysates confirmed appropriate expression from transfected plasmids ( Figure 1C , middle and bottom panels), indicating that Trx associates with the N-terminal region of ASK1 in vivo.
Trx inhibits the kinase activity of ASK1
Trx is known to control the redox state of proteins with its active site, which is composed of two redox active cysteines (Holmgren, 1989) . Mammalian Trx is also known to scavenge ROS such as H 2 O 2 and free radicals by its reducing activity (Mitsui et al., 1992; Oblong et al., 1994) and, most importantly, to protect against H 2 O 2 -and TNF-α-induced cytotoxicity (Matsuda et al., 1991; Nakamura et al., 1994) . To determine whether Trx has a biochemical effect on ASK1, we transfected 293 cells with HA-tagged ASK1 and Flag-Trx and determined ASK1 kinase activity by an immune complex-coupled kinase assay using glutathione S-transferase (GST)-MKK6, GST-SAPK3/p38γ and the ATF2 peptide as a sequential substrate. Figure 2A shows the specificity of ASK1-dependent phosphorylation of ATF2 peptides in this assay. When increasing amounts of Trx plasmid were cotransfected, the kinase activity of ASK1-WT was inhibited in a dose-dependent manner ( Figure 2B , left panel). Trx had no inhibitory effect on ASK1-ΔN, however ( Figure 2B right), suggesting that Trx-induced inhibition of ASK1 activity depends on their interaction but is not due to a non-specific change in intracellular redox status. To examine whether co-immunoprecipitated Trx has an inhibitory effect on the kinase activity of GST-MKK6 or GST-SAPK3/p38γ other than that of ASK1, ASK1 activity was directly measured using myelin basic protein (MBP) as an exogenous substrate. Although less sensitive for measuring ASK1 activity in this case, ASK1 activity was also found to be reduced in the presence of Trx ( Figure  2C ). TNF-α-induced activation of ASK1 was also inhibited by Trx ( Figure 2D ).
ASK1-ΔN is a constitutively active kinase in vivo
Since Trx is ubiquitously expressed in mammalian cells and tissues (Holmgren, 1985) , the kinase activity of ASK1 might be kept inactive at least in part by endogenous Trx in vivo; if this is the case, ASK1-ΔN should act as a constitutively active kinase. To test this hypothesis, various amounts of ASK1-WT and ASK1-ΔN plasmids were transfected into 293 cells and their relative kinase activities were quantitatively determined by immune complexcoupled kinase assay. As expected, ASK1-ΔN exhibited much higher basal kinase activity than ASK1-WT ( Figure  3A ; Ͼ10-fold that of ASK1-WT at 0.5 μg ASK1 plasmids).
Apoptosis-inducing activity was also determined by morphology ( Figure 3B , top panel) and viability ( Figure  3B , bottom panel) in Mv1Lu epithelial cells, using a recombinant adenovirus system (Saito et al., 1985; Miyake et al., 1996) . Transient expression of ASK1-ΔN, but not of ASK1-WT, ASK1-K709R or control β-galactosidase, induced marked apoptosis even in the presence of 10% fetal bovine serum (FBS), in which ASK1-WT is a poor inducer of apoptosis ( Figure 3B ; Ichijo et al., 1997; see below) . These findings suggest that association with the N-terminal region of ASK1 is required for Trx to inhibit ASK1 activity.
Redox control of apoptosis and ASK1 activity in vivo ROS are reported to be generated and possibly to function as second messengers in response to cytotoxic stresses such as TNF-α and serum withdrawal (Camhi et al., 1995; Satoh et al., 1996) . Since Trx is known to influence intracellular redox status by acting as an antioxidant to ROS or as a hydrogen donor for various proteins, we examined whether in vivo ASK1 activity is modulated by another thiol-based redox compound, Nac, which is also a potent antioxidant. To evaluate the effect of Nac on endogenous ASK1 activity, we used mouse L929 cells, which are sensitive to TNF-α-mediated apoptosis (Mayer and Noble, 1994) ; their expression of a large amount of endogenous ASK1 (Y.Sawada and H.Ichijo, unpublished observation) facilitates measurement of ASK1 activity. Treatment of L929 cells with H 2 O 2 or TNF-α at a dose sufficient to induce apoptosis in these cells activated endogenous ASK1 ( Figure 4A and B). Incubation of cells with Nac inhibited H 2 O 2 -or TNF-α-induced activation of ASK1 ( Figure 4A ). Moreover, no apparent cell death was observed in the presence of Nac ( Figure 4B ). These findings suggest that intracellular redox regulation might be involved in TNF-α-induced activation of ASK1 as well as apoptosis in L929 cells. However, the possibility that the intracellular redox status resulting from addition of H 2 O 2 or TNF-α might induce cell death in a pathway independent of ASK1 activity is not excluded by these findings.
To determine more precisely the importance of intracellular redox status in ASK1-mediated apoptosis, we evaluated the effects of Trx and Nac in the system of activation-dependent apoptosis by ASK1. Apoptosis of Mv1Lu cells stably transfected with ASK1-WT under the control of the metallothionein promoter was rapidly induced in the presence of ZnCl 2 , while cells transfected with the vector alone or ASK1-K709R remained intact ( Figure 5A ; Ichijo et al., 1997) . ASK1-dependent apoptosis was observed only under low serum conditions, but not in the presence of 10% FBS ( Figure 5A ; Ichijo et al., 1997) . Treatment of ASK1-transfected cells with serumfree medium after induction of ASK1 by ZnCl 2 resulted in the activation of ASK1 ( Figure 5B) . Therefore, the apoptosis observed in this system depends on the induction of the ASK1 activity by low serum conditions. This system thus enabled us to test whether redox regulation is involved . ASK1 was immunoprecipitated with anti-HA antibody and assayed for kinase activity as described in Figure 2A . Kinase activity relative to the amount of ASK1 protein was calculated, and the activity is shown as an X-fold increase relative to that of HA-ASK1 or HA-ASK1-ΔN from Flag-Trx-negative cells. This experiment was performed three times with similar results. (C) Inhibition of ASK1 by Trx in MBP kinase assay. 293 cells were transfected as described in Figure 2B . Immunoprecipitated HA-ASK1 kinase activity was measured by MBP as a direct substrate for ASK1. Samples were analyzed by SDS-PAGE (12%) with an image analyzer. (D) Inhibition of TNF-α-induced activation of ASK1 by Trx. 293 cells were transfected as described in Figure 2B . The cells were incubated with (ϩ) or without (-) TNF-α (500 ng/ml) for 30 min. Thereafter, immunoprecipitated HA-ASK1 kinase activity was measured using MBP as a substrate.
in serum withdrawal-induced activation of ASK1 and ASK1-induced apoptosis. Nac inhibited ASK1-induced apoptosis ( Figure 5A ) as well as the activation of ASK1 by serum withdrawal ( Figure 5B ). When Trx activity against ASK1 was determined in this system by scoring apoptotic blue cells after transient cotransfection of expression plasmids of Trx and β-galactosidase, Trx was found to reduce ASK1-dependent apoptosis in a dose-dependent manner ( Figure 5C ). Moreover, neither Trx nor Nac inhibited ASK1-ΔN-induced apoptosis (data not shown), excluding the possibility that the target molecule(s) of Trx or Nac is a downstream effector of ASK1 in ASK1-dependent apoptosis. Together, these findings suggest that redox regulation may be involved in the control of ASK1 activity in vivo.
Redox status-dependent interaction of Trx and ASK1
We also examined the molecular mechanisms by which Trx inhibits ASK1 activity. There are three models for such mechanisms consistent with our observations: either (i) ASK1 itself is redox-sensitive and inactivated directly by Trx-catalyzed reduction; (ii) ASK1 is redox-sensitive and protected by Trx-mediated antioxidant activity from ROS-induced oxidation; or (iii) ASK1 is inactivated not by reduction but by a direct protein-protein interaction 2599 with Trx, which is sensitive to redox regulation. If the first two models are correct, the oxidized form of ASK1 may be the active form. However, we detected no in vitro activation of bacterially expressed GST fusion protein of ASK1 on direct incubation with H 2 O 2 or diamide (a sulfhydryl-specific oxidant), in either the presence or absence of dithiothreitol (DTT) (data not shown). Moreover, since all the immunoprecipitations performed in the immune complex-kinase assay (Figures 2B, C, D and 3A) were performed in the presence of DTT, the immunoprecipitated ASK1 probably existed as a reduced form; therefore, it is hard to explain why additional reduction (and thus additional inhibition) was achieved by the addition of Trx. To test the third model, we examined the in vitro binding of ASK1 and Trx under various redox conditions. In vitro-translated 35 S-labeled ASK1 bound to immobilized GST fusion protein of Trx, but not to immobilized GST or GST-Trx(CS), a Cys-32 and Cys-35 Trx mutant which has lost reducing activity due to the mutation of cysteines in the redox active site ( Figure 6A ; Oblong et al., 1994; Gallegos et al., 1996) . Notably, Trx-ASK1 interaction was highly dependent on the reducing conditions, i.e. binding of Trx was observed only in the presence of DTT ( Figure 6A and B) or β-mercaptoethanol (β-ME) ( Figure 6B ). In addition, this interaction was reversibly inhibited by H 2 O 2 or diamide ( Figure 6C ), confirming the dependence of this binding on reducing conditions. These findings do not completely exclude the possibility that reduction of ASK1 itself might also be required for the interaction; however, since the Trx-ASK1 interaction is highly dependent on the redox status of Trx, it appears that only a reduced form of Trx can bind ASK1, and that oxidation of Trx by certain oxidants including ROS may disrupt this interaction and consequently activate ASK1.
To verify the redox-dependent interaction of Trx and ASK1 in vivo, 293 cells transiently transfected with HA-ASK1-WT were treated with H 2 O 2 , and Trx-ASK1 complexes were then immunoprecipitated with an antiTrx polyclonal antibody and analyzed by immunoblotting with anti-HA antibody. Anti-Trx but not control antibodies specifically co-immunoprecipitated ASK1 with endogenous Trx ( Figure 6D ). H 2 O 2 markedly decreased the amount of co-immunoprecipitated ASK1 ( Figure 6E ), suggesting that redox-dependent interaction of Trx with ASK1 also occurs in vivo. Importantly, TNF-α also inhibited Trx-ASK1 interaction ( Figure 6E ), which was restored by the presence of Nac ( Figure 6E and F) , suggesting involvement of an ASK1 redox regulatory mechanism in TNF-α-induced apoptosis. (A) Inhibition of endogenous ASK1 activity by Nac. L929 cells were treated with H 2 O 2 (1 mM) or TNF-α (400 ng/ml) for 15 min in the presence of indicated concentration of Nac. The endogenous ASK1 kinase activity was assayed using a rabbit anti-ASK1 antiserum (DAV). (B) Inhibition of H 2 O 2 -or TNF-α-induced apoptosis by Nac. L929 cells were treated with H 2 O 2 (1 mM) or TNF-α (100 ng/ml) for 24 h in the presence of Nac (10 mM). Representative cell morphology was determined by phase-contrast microscopy (original magnification, ϫ82.5).
Trx is required for negative regulation of ASK1 in vivo
A targeted disruption of mouse Trx gene has recently been reported (Matsui et al., 1996) . Homozygous mutants died shortly after implantation, and the cells derived from pre-implantation embryos failed to grow, suggesting that Trx is essential for survival. In order to examine whether Trx is required for the inactivation of ASK1 in vivo, we attempted to inactivate endogenous Trx by treatment of cells with either an antisense oligonucleotide to Trx or a specific inhibitor of Trx reductase. Transfection of antisense oligonucleotides, but not of sense or mutated antisense oligonucleotides, in which eight out of 23 nucleotides were changed to different nucleotides decreased the amount of endogenous Trx protein as determined by immunoblotting ( Figure 7A, bottom panel) . When the same lysates were subjected to immune complex-coupled kinase assay using anti-ASK1 antibody, ASK1 was significantly activated only in antisense-treated cells ( Figure  7A , top panel). In addition, incubation of cells with 1-chloro-2,4-dinitrobenzene (DNCB), an electrophilic compound which acts as a specific inhibitor of Trx reductase (Novogrodsky et al., 1979; Arnér et al., 1995) and thus increases the oxidized form of Trx in vivo, resulted in activation of ASK1 in a dose-dependent manner ( Figure 7B) . DNCB augmented the H 2 O 2 -induced activ-ation of endogenous ASK1 as well ( Figure 7B) . Moreover, longer incubation of cells with DNCB induced cell death (data not shown). These findings strongly suggest that Trx is required for negative regulation of ASK1 activity in vivo.
Conclusion
Our findings suggest that Trx is a physiological inhibitor of ASK1. Figure 8 represents our current model of redox regulation of ASK1-mediated apoptosis signal transduction. Whereas the effects of Trx as a reductase against ROS and certain proteins have been emphasized in previous research, we suggest that Trx may also have an important role(s) as an effector of oxidants by acting as a signaling converter of redox changes into the kinase-mediated signal transduction cascade. Given that Trx is highly susceptible to ROS-induced oxidation and that ROS rapidly induce translocation of Trx into the nucleus (Tanaka et al., 1997) , ROS generated by cytokine or stress may oxidize and consequently remove Trx from pre-existing Trx-ASK1 complexes, leading to the activation of ASK1 and the subsequent ASK1-dependent apoptosis signaling cascade. Antioxidants including Nac might prevent apoptosis at least in part by inhibiting oxidation-induced dissociation of Trx from ASK1. It is still unclear whether serum withdrawal-and TNF-α-induced activation of ASK1 are primarily mediated by intracellular redox changes including generation of ROS. Intracellular redox changes might be the result of the initial apoptotic cellular dysfunction induced by alternative apoptosis signal transduction pathways. Once generated, however, ROS appear to act as important signaling intermediates in positive feedback in ASK1-dependent apoptosis signaling. It is important to distinguish between ROS molecules involved in the apoptosis signaling pathway and those mediating general cellular damage or necrosis. Although it has been thought that ROS may lack biological specificity as signaling intermediates, our model might associate ROS with signaling specificity in that ROS may target the specific interaction between Trx and ASK1. Currently, we do not know which type(s) of ROS molecule is specifically involved in inactivation of Trx and thus activation of ASK1; however, our model suggests a mechanism by which intracellular redox status, affected by a variety of cytotoxic stresses, meets the apoptosis signal transduction pathway, and suggests why antioxidants inhibit apoptosis.
Materials and methods
Reagents
MBP and DNCB were purchased from Sigma (St Louis, MO).
Cell culture
Mv1Lu and L929 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS and 100 units/ml penicillin in a 5% CO 2 atmosphere at 37°C. DMEM containing a higher concentration of glucose (4.5 mg/ml) was used for 293 cells.
Yeast two-hybrid system
A human fetal brain cDNA library in the pJG4-5 prey plasmid (a gift from Roger Brent) was screened for proteins that interact with ASK1-K709R as described (Kawabata et al., 1995) using the EGY188 yeast reporter strain. The bait plasmid expressing ASK1-K709R protein was constructed in-frame with the LexA DNA-binding domain of the pEG202 bait plasmid. Plasmids of positive clones were recovered, and the cDNA inserts were sequenced. Plasmids encoding (10%) and Nac (1 mM). Representative cell morphology was determined after 8 h of induction by phase-contrast microscopy (original magnification, ϫ82.5). (B) Serum withdrawal-dependent activation of ASK1 and its inhibition by Nac in Mv1Lu cells stably transfected with ASK1. ASK1 protein was induced (ϩ) or not induced (-) by 80 μM ZnCl 2 in MEM in the presence of 10% FBS for 4 h. Cells were further incubated for 1 h in the presence of the indicated concentration of Nac. Cells were then washed once with PBS, and the media were changed to MEM containing the indicated concentration of Nac with (ϩ) or without (-) 10% FBS. After 15 min, cells were lysed and ASK1 kinase activity was assayed using anti-ASK1 antiserum (DAV). (C) Inhibition of ASK1-activation-dependent apoptosis by Trx. Mv1Lu cells stably transfected with ASK1 were transiently transfected with Flag-Trx and β-galactosidase expression plasmid. After 12 h, cells were washed once with PBS and incubated with 80 μM ZnCl 2 in MEM in the absence of FBS for 6 h. Cells were stained with X-Gal and examined by phase-contrast microscopy. The graph shows the percentage (mean Ϯ SD) of apoptotic cells, which was determined by the number of blue cells with apoptotic morphology divided by the total number of blue cells. The indicated number of cells from at least 10 random fields were counted. This experiment was performed five times with similar results. ASK1 mutants in pEG202 and full-length Trx in pJG4-5 were generated by PCR. All constructs were confirmed by sequencing.
In vivo binding of ASK1 and Trx
HA-tagged ASK1 expression plasmids in pcDNA3 (Invitrogen) were constructed by introducing an HA epitope sequence at the C-termini of ASK1 mutants by PCR. A Flag tag was inserted at the N-terminus of Trx in pcDNA3 by PCR. To examine protein interaction in 293 cells, plasmids of HA-tagged ASK1 (0.5 μg) and Flag-Trx (2 μg) were cotransfected into 293 cells in six-well culture plates by Tfx-50 (Promega) according to the manufacturer's instructions. For immunoprecipitation, cells were lysed in a lysis buffer containing 150 mM NaCl, 20 mM Tris-HCl (pH 7.5), 10 mM EDTA, 1% Triton X-100, 1% deoxycholate, 1.5% aprotinin and 1 mM phenylmethylsulfonyl fluoride (PMSF), and the lysates were divided and incubated with either 5.1 μg/ml of anti-Flag mouse IgG1 (clone M2, Scientific Imaging Systems) or anti-HA rabbit antiserum (YPY, a gift from Carl-Henrik Heldin) for 1 h. After the addition of protein GSepharose (Zymed Laboratories), the lysates were incubated for an additional 30 min. The beads were washed twice with the lysis buffer, separated by SDS-polyacrylamide gel electrophoresis (PAGE), and immunoblotted with mouse anti-HA (clone 12CA5, Boehringer Mannheim) or anti-Flag antibodies. The proteins were detected with the ECL system (Amersham).
To examine the effects of H 2 O 2 and TNF-α on the interaction of ASK1 with endogenous Trx, 293 cells were transfected with HAtagged ASK1 (0.5 μg) by Tfx-50 and incubated overnight. Cells were treated with H 2 O 2 and TNF-α for 20 min, lysed in buffer containing 150 mM NaCl, 20 mM Tris-HCl (pH 7.5), 10 mM EDTA, 0.5% Triton X-100, 1.5% aprotinin and 1 mM PMSF, and the lysates were immunoprecipitated with anti-human Trx goat antibody (American Diagnostica, Inc.) as described above. The samples were analyzed by immunoblotting using anti-HA (clone 3F10, Boehringer Mannheim) and anti-Trx antibodies. In some experiments, aliquots of whole cell lysates were subjected to immunoblotting analysis by anti-HA antibody (clone 3F10) to confirm appropriate expression of transfected HA-ASK1. The proteins were detected with the ECL system.
In vitro kinase assay
The plasmid of GST-human MKK6 for bacterial fusion protein was constructed in pGEX-4T-1 (Pharmacia Biotech, Inc.) by PCR, and GST-rat SAPK3 (Cuenda et al., 1997) and ATF2 peptide (peptides 1-109) were kindly provided by Michel Goedert and Zhengbin Yao, respectively. Transfection to 293 cells and immune complex-kinase assay were performed as described , except for the substrates and washing conditions of the immunoprecipitates. Briefly, cells were lysed in a buffer solution containing 20 mM TrisHCl (pH 7.5), 12 mM β-glycerophosphate, 150 mM NaCl, 5 mM EGTA, 10 mM NaF, 1% Triton X-100, 0.5% deoxycholate, 3 mM DTT, 1 mM sodium orthovanadate, 1 mM PMSF and 1.5% aprotinin. Cell extracts were clarified by centrifugation, and the supernatants were immunoprecipitated with antibody to HA (12CA5) and protein A-Sepharose (Zymed Laboratories). The beads were washed twice with a solution containing 150 mM NaCl, 20 mM Tris-HCl (pH 7.5), 5 mM EGTA, 2 mM DTT and 1 mM PMSF, and subjected to kinase assays. To measure immune complex activity, 0.2 μg of GST-MKK6 was first incubated with the immune complexes for 10 min at 30°C in a final volume of 25 μl of a solution containing 20 mM Tris-HCl (pH 7.5), 20 mM MgCl 2 and 100 μM ATP, and subsequently with 1 μg of GST-SAPK3/p38γ for 10 min at 30°C. Thereafter, the activated complex was incubated with 0.3 μCi of [γ-32 P]ATP and 1 μg of ATF2 peptide in the same solution (final volume, 35 μl). Samples were subjected to SDS-PAGE (5-15% gradient gel), and the phosphorylation of ATF2 peptide was analyzed with an image analyzer (Fujix BAS2000). When ASK1 activity was measured using MBP or GST-MKK6(KN) as a direct substrate, immune complexes were incubated with MBP (40 μg/ml) or GST-MKK6(KN) (20 μg/ ml) in buffer containing 20 mM Tris-HCl (pH 7.5), 20 mM MgCl 2 and 0.3 μCi of [γ-32 P] ATP. Samples were analyzed by SDS-PAGE with an image analyzer. To determine the amount of ASK1 protein in the same sample, the upper part of the SDS-PAGE (Ͼ46 kDa) was cut out and immunoblotted with the mouse anti-HA antibody. The protein was detected with the ECL system, in which Ͻ10 min exposure to X-ray film did not detect any 32 P-radioactivity derived from autophosphorylation of ASK1. The amount of protein was quantified by densitometric analysis (Quantity One program: pdi, Inc.).
Adenovirus vectors
Recombinant adenoviruses were constructed as described (Saito et al., 1985; Miyake et al., 1996) . Briefly, HA-tagged ASK1 cDNA mutants and β-galactosidase cDNA were subcloned into the SwaI site of pAxCAwt cassette cosmid, which is defective in adenovirus E1A, E1B and E3 regions. Each cosmid bearing the expression unit and adenovirus DNA-terminal protein complex was cotransfected into the E1 transcomplementing cell line 293. The recombinant adenoviruses generated by homologous recombination were isolated, and the insertion of ASK1 cDNAs was confirmed by restriction endonuclease digestion. High-titered stocks of recombinant adenoviruses were grown in 293 cells and purified. Infection of the recombinant adenoviruses 2604 into Mv1Lu cells was performed at a multiplicity of infection of 10 2 p.f.u./cell, in which adenovirus vectors can transduce nearly 100% of Mv1Lu cells as determined by β-galactosidase staining (M.Fujii and H.Ichijo, unpublished observation). The comparable level of protein expression for each ASK1 construct was determined by immunoprecipitation (data not shown). Cell viability was monitored by MTT assay using CellTiter96 kit (Promega) according to the manufacturer's instructions.
Apoptosis assay
Mv1Lu cells stably transfected with ASK1-WT under the control of metallothionein promoter were used in this assay. Cells were transiently cotransfected with pCMV β-gal (0.5 μg) and the pcDNA3 empty vector (1 μg) or pcDNA3-Trx (1 μg) by Tfx-50 reagent (Promega). After 12 h, cells were placed in serum-free minimal essential medium (MEM) and apoptosis was induced by 80 μM of ZnCl 2 (thus, by expression of ASK1) for 6 h. Cells were then fixed and stained with 5-bromo-4-chloro-3-indoxyl-β-Dgalactosidase (X-gal) for 5 h and examined by phase-contrast microscopy. The percentage of apoptotic cells was determined by the number of blue cells with apoptotic morphology (cell shrinkage and nuclear fragmentation) divided by the total number of blue cells, as described (Hsu et al., 1995) .
Anti-ASK1 antiserum
Antiserum to ASK1 (DAV) was raised against the peptide sequence DAVATSGVSTLSSTVSHDSQ (amino acids 1216-1235). The peptide was coupled to keyhole limpet hemocyanin by the glutaraldehyde method, mixed with Freund's adjuvant, and used to immunize rabbits.
Antisense oligonucleotides
Antisense oligonucleotides, at nucleotide positions from -10 to ϩ13 (relative to the translation initiation site) were designed to hybridize with human Trx. Nucleotide sequences were: antisense, 5Ј-TCTGCTT-CACCATCTTGGCTGCT-3Ј; sense, 5Ј-AGCAGCCAAGATGGTGAA-GCAGA-3Ј; mutant antisense in which eight (shown by bold face) of the 23 nucleotides were changed to different nucleotides, 5Ј-TCGTTCTCACCATCTTGGTCCGT-3Ј. All were synthesized as phosphorothionate oligonucleotides (S-oligo) and HPLC-purified by Greiner Japan (Chiang et al., 1991; Takeuchi et al., 1994) . For transfection, 10 μM of each S-oligo was mixed with 2 μl of Tfx-50 in medium (800 μl) containing 10% FBS, and added to 293 cells in six-well plates and incubated for 60 h. Thereafter, endogenous ASK1 was immunoprecipitated by anti-ASK1 antiserum (DAV), and the ASK1 activity was determined by the immune complex-coupled kinase assay using GST-MKK6, GST-SAPK3/p38γ and the ATF2 peptide as a sequential substrate. A fraction of the whole cell lysate was analyzed by immunoblotting using anti-Trx antibody to determine the level of expression of Trx.
In vitro binding assay GST constructs for Trx were prepared in pGEX-4T-1 vector (Promega). GST fusion proteins were purified as described (Smith and Johnson, 1988) . In vitro-translated 35 S-labeled ASK1 was prepared with the TNT Reticulocyte Lysate System (Promega). 35 S-labeled ASK1 was incubated on ice for 30 min with each GST fusion protein in buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 10 mM EDTA, 1% Triton X-100 and 1% deoxycholate, washed twice with the same buffer, and analyzed by SDS-PAGE with an image analyzer. To determine the amount of GST fusion protein in the same sample, the lower part of the SDS-PAGE was cut out and immunoblotted with anti-GST antiserum (a gift from Carl-Henrik Heldin) or anti-human Trx antibody. The protein was detected with the ECL system.
